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Introduction
Graphene quantum dots (GQDs) have attracted great attention recently owning to their unique optical properties and promising applications in photovoltaics, [1] bioimaging [2] and drug delivery. [3] In the past few years, great efforts have been made to the synthesis of GQDs. However, the majority of the reported synthetic methods were mainly based on the top-down strategies with graphite, [4] graphite oxide [5] or even coal [6] as bulk starting materials. Compared to the pristine GQDs, chemically doped carbon nanomaterials showed some attractive properties, [7] such as tunable electronic structure, [7a,b] visible-light photocatalytic activity, [7c] and negative differential resistance behaviour.
[7d] Until now, several methods, including electrochemical, [8] hydrothermal, [9] solvothermal, [10] and organic synthesis methods, [11] have been used for preparation of chemically doped GQDs. In particular, the bottom-up methods, typically via the pyrolysis of small molecules under hydrothermal conditions, were successfully used to synthesize doped GQDs [9] and carbon nanodots. [12] The bottom-up approach showed advantages of low cost and precise control over synthetic conditions. However, most of the reported methods are only suitable for very few specific starting materials or precursors. [13] To date, there is still lack of general synthetic methods which can use a wide range of precursors to synthesize GQDs.
In this article, we report a general method for synthesis of various chemically doped GQDs from a wide range of precursors. This method is based on the direct carbonization of organic precursors at solid state under controlled experimental conditions. Depending on the chemical compositions of the different precursors, GQDs doped by different heteroatoms, including O, N, S and P, were successfully synthesized. Importantly, our method offers several advantages, such as easy operation, solvent free, wide precursor tolerance, short reaction time, low cost and scalable production.
Experimental details Chemicals and materials
The organic precursors including ethylene diamine tetraacetic acid (EDTA), glucose, tartaric acid, sucrose, lysine, arginine, cysteine, cystine, dithiothreitol (DTT) and adenosine 5'-triphosphate disodium salt (ATP) were purchased from Sigma (St. Louis, MO, USA) and used as received. Ultrapure Milli-Q water (Milli-Q System, Millipore, Billerica, MA, USA) was used in all experiments.
Synthesis
The synthesis of GQDs from EDTA is described herein as an example. 0.5 g EDTA was loaded into a round bottom flask, and then heated in a sand bath at 260-280 o C with vigorous stirring. The white solid became dark brown in 5 min. After cooling down to room temperature, water was added to disperse the product. The undissolved residue was removed by centrifugation at 8,000 rpm for 5 min. The supernatant was further purified by centrifugation and filtration using AmiconUltra filter (Millipore, Billerica, MA) with a molecular mass cut-off of 10 kDa to remove large sheets. The final product was collected by dialyzing the aqueous solution with a dialysis membrane bag (MW 1000) for several days to fully remove the residual EDTA. The produced N and O doped GQD is referred to as E-GQD.
Under the similar reaction and purification conditions, GQDs from other precursors were also obtained, including glucose, sucrose, tartaric acid, arginine, lysine, ATP, cysteine, cystine and DTT. The optimal reaction temperatures are slightly different for each precursor, which has been described in the Supporting Information (SI).
Electrophoretic deposition
In order to show the effects of chemical doping, a plain GQD produced by citric acid (CA-GQDs) [13a] was also studied as a reference. Two indium tin oxide (ITO) electrodes (area of 1 × 1.1 cm 2 ) were used as anode and cathode, respectively. The electrodes 
Characterizations
The GQD solution was dropped onto a clean glass slide for X-ray diffraction (XRD) and Raman measurement, and onto a fresh silicon wafer for X-ray photoelectron spectroscopy (XPS) test and mica substrate for atomic force microscopy (AFM) observation. The transmission electron microscope (TEM) samples were prepared by dropping the ethanol suspension of GQDs onto a copper mesh. Certain amount of the powders of the precursors including EDTA, glucose, tartaric acid, sucrose, ATP, lysine, arginine, cysteine, cystine and DTT were used to do the thermo gravimetry analysis (TGA). Fourier transform infrared (FT-IR) samples were dried in vacuum from concentrated GQD aqueous solutions before tableting with KBr. XRD pattern was recorded by an X-ray diffract meter Bruker AXSD8 using Cu Kα radiation (40 kV, 200 mA) with a Ni filter. Raman spectrum was obtained by a confocal microscope Raman system (Renishaw in via Raman microscope). XPS spectra were collected on a multifunctional XPS/AES system (Kratos Axis Ultra DLD, Japan) by using Al Kα radiation (150 W, pass energy of 80 eV for survey spectrum, and 20 eV for high-resolution spectrum). TEM measurement was taken with TecnaiTMG2F30, operated at an accelerating voltage of 300 kV. Scanning electron microscopy (SEM, JSM-7600) was performed on a field emission SEM (FESEM) instrument (S-4800, Japan). AFM observation was carried out using an MFP3D microscope (Asylum Research, Goleta, CA, USA) with a silicon cantilever operating in tapping mode. TGA (model 1090; DuPont, Wilmington, DE) was conducted in a nitrogen flow from room temperature to 800 o C at a heating rate of 10 o C/min. The FT-IR spectra were obtained on a PerkinElmer Spectrum One Spectrometer (Shelton, CT, USA). The UV-vis absorption spectra were recorded using an UV-2450 spectrophotometer (Shimadzu, Japan). The fluorescence spectra were obtained from a FluoroMax-3 (Horiba Scientific) fluorometer. The fluorescence, dark-field and bright-field imaging experiments were operated on an Olympus IX51 inverted microscope with a Photometrics Cool SNAP-cf cooled CCD camera.
Cell culture and cytotoxicity assay
The RAW 264.7 (Mouse leukaemic monocyte macrophage cell line) cells were cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum for 3 days in a humidified incubator at 37 o C in an atmosphere of 5% CO 2 prior to the imaging experiments. A standard cell counting assay was used for the cytotoxicity assay. The microphage cells were seeded into 96-well plates at a density of 10,000 per well in 200 µL media and grew overnight. Then, the cells were incubated with various concentrations of E-GQDs (from 0 to 140 µg/mL) in phosphate buffered saline (PBS, pH 7.4) and the plate was incubated for 6 h in the incubator at 37 o C and 5% CO 2 . Then, 10 µL of CCK-8 solution was added into each well of the plate, which was incubated for another 4 h at 37 o C and 5% CO 2 . The absorbance of each sample at 450 nm was measured using a microplate reader (Bio-Rad ， Hercules, CA, USA). The cell viability was calculated as the ratio of absorbance of sample well to that of control well (without E-GQDs).
The standard deviation of each measurement was calculated from three independent experiments.
Imaging E-GQD stained RAW 26 cells
The RAW 26 cells were seeded onto sterile cover-slips in the 8-well plate and allowed to adhere overnight at 37 o C and 5% CO 2 . After removal of the medium by washing with PBS twice, the cells were incubated with 80 µg/mL of E-GQDs in PBS for 1 h at 37 o C and 5% CO 2 . Subsequently, cells were washed three times with PBS to remove the unbound E-GQDs. To investigate the cellular uptake of E-GQDs, the RAW 264.7 cells were incubated with 80 µg/mL of E-GQDs in PBS (pH 7.4) for 1 h at 37 o C and 5% CO 2 , then the cells were lysosome-stained with LysoTracker@Green for 10 min. Subsequently, cells were washed three times with PBS. Then the side of the coverslip with stained cells was topped by a glass slide, which was placed on the microscope to image the cells using the DAPI filter.
Photocurrent measurement
ITO glass coated with GQDs was used as working electrode. Pt was used as counter electrode. 0.05 M of Na 2 S aqueous solution was used as electrolyte. The photocurrent responses were measured under pulsed light illumination with a 500 W Xe lamp as light source (100 mW/cm 2 ) at 10 s intervals of light-on and light-off at a constant potential of 0 V (vs. SCE). 
Results and discussion
As a typical example, the synthesis and characterization of nitrogen doped (N-doped) GQDs by using EDTA as precursor, referred to as E-GQDs, are demonstrated. In order to prepare EGQDs, a glass flask containing the EDTA powder was immersed in a sand bath and heated to o C under vigorous stirring for 5 min. The as-produced brown powder was dispersed in water, and then subjected to centrifugation at 8,000 r.p.m. for 5 min to remove the insoluble precipitate, followed by filtration using a tubular ultrafiltration membrane with molecular mass cut-off of 10 kDa. The final product was collected by dialyzing the aqueous solution with a dialysis membrane bag (MW 1000) for several days to fully remove the residual EDTA. In previous work, Chi has reported GQDs synthesis by direct carbonization of citric acid but only limited to confined precursor and no chemical doping was realized. [13a] To demonstrate the effects of chemical doping, we have also prepared the undoped GQDs from citric acid precursor, referred to as CA-GQD, and used it as reference.
The effect of reaction time and temperature on the yield of different types of nanostructures produced was studied systematically (Table S1 , in SI). The corresponding products with different sizes are shown in Figure S1 in SI. Our experiments showed that the high-yield, uniform E-GQDs can only be obtained at a relatively short reaction time, typically a few minutes, with reaction temperature slightly above the decomposition temperature of the precursor. Specifically, the optimal experimental condition for synthesis of E-GQDs was found to be 5 min of reaction in the temperature range of o C, which is slightly higher than the decomposition temperature of EDTA, i.e. 252 o C, measured by TGA ( Figure S2 , in SI). At lower reaction temperature, for example 240-260 o C, E-GQDs were synthesized in low yield (Table S1 , in SI), while at higher reaction temperature (e.g. > 280 o C) or longer reaction time (e.g. 10 min), microsized flakes were produced ( Figure  S3 , in SI). It is known that EDTA undergoes decarboxylation and produces various N-containing species at its decomposition temperature. [14] These species might gradually fuse together to give graphite-like structures under the solid-state reaction condition, which is supported by the fact that the N-containing compounds can be converted into various graphitic carbon nitride at much higher pyrolysis temperature (Figure 2) . [15] The TEM data on the E-GQDs produced under the aforementioned optimized conditions suggest that the product contains mainly small particle-like nanostructures with size of 8.2 ± 1.2 nm (Figure 1a) . From the high resolution TEM (HRTEM) images, the lattice spacing of 0.25 nm (Figure 1b) , i.e. twice the spacing of (110) planes of graphite, [16a] and 0.21 nm ( Figure S4 , in SI), i.e. (100) lattice fringes of graphite, [16b] are observed. AFM measurement (Figure 1c ) and the height distribution analysis ( Figure  S5a , in SI) suggest that the particle thicknesses is 1.5 ± 1.0 nm, narrower layer distribution than the reported 1-5 layers of N-doped GQDs produced by electrochemical method. [8] XPS spectra of EGQDs show the predominant C 1s, O 1s and N 1s peaks (Figure 1d) , which gives the atomic compositions of C, O and N at 44%, 42% and 14%, respectively. The N/C atomic ratio is 33%, much higher than that of reported N-GQDs (4.3%). [8] We have conducted a control experiment by synthesizing the E-GQDs under oxygen free condition. Table S2 in SI compares the compositions of the products prepared in the open air and the product in oxygen free atmosphere. The XPS data indicate that the product from the oxygen-free condition indeed has slightly higher carbon (49%) and lower oxygen content (36%), but the difference between the two products is not very significant. Because the precursors used in the synthesis are oxygen rich compounds, oxygen in air may participate in the reaction but does not change the composition significantly, and the oxygen content of the final products is mainly from the precursors. The deconvoluted C 1s peaks in Figure 1e consist of mainly four individual ones assignable to C-C (~284.1 eV), [17a] C-N (~285.3 eV), [8] C-O (~286.8 eV), [8] and C=O (~287.6 eV) bonds.
[17b] The deconvolution of N 1s spectrum indicates that N atoms mainly exist as pyridine-like sp 2 -hybridized form (~399.2 eV) and pyrrole-like sp 3 -hybridized form (~400.6 eV) (Figure 1f ). [8] XRD pattern of EGQDs shows a broad (002) peak at around 25° ( Figure S5b , in SI), consistent with the graphite interlayer spacing of 0.34 nm, [13a] confirming their graphite-like structure. In the Raman spectrum of EGQDs ( Figure S5c , in SI), the D band at ~1360 cm -1 shows the specific vibrations at the edges, such as oxides or C=C groups which are only present at the edge, [18a] as well as G band at ~1591 cm -1 which originates from the graphitic sheets.
[18b] In addition, FT-IR spectroscopy was performed on the EDTA precursor and E-GQDs ( Figure S5d, in SI) . Compared with EDTA, the product shows significant decrease of C-H stretching vibration at ~2950 cm -1 and C-H bending vibration at ~1325 cm -1 , [19a] as well as the enhancement of absorption band of C=C at ~1655 cm -1 , suggesting the formation of sp 2 carbon atoms through the carbonization of EDTA. Moreover, the enhanced band of C-N at ~1360 cm -1 proves the nitrogen atoms are doped into the graphene skeleton. Another band of C-O at ~1235 cm -1 illustrates the presence of hydroxyl group on graphene sheets.
[19b] The UV-vis absorption spectrum of E-GQDs shows the absorption band at around 340 nm (Figure 3a, dash line) . Under the irradiation of a 365 nm lamp, the E-GQDs show very intense blue luminescence (Figure 3a, inset) . The photoluminescence (PL) mechanism of GQDs remains somehow controversial in the literature. Generally, it is believed that the PL may be mainly derived from intrinsic state emission and defect state emission. [20a] The former one is induced by the quantum size effect, whereas the latter one depends on the molecule-like states.
[20b] The E-GQDs exhibit no obvious PL shift under short excitation wavelength below 365 nm ( Figure S6 , in SI). As the excitation wavelength increased from 365 to 435 nm, the PL peaks exhibit decreased emission intensity along with remarkable red-shift from 431 to 495 nm (Figure 3a, solid lines) . Such excitation-dependent emission indicates the existence of trapping states with different energy levels, [21] which can be attributed to the different surface groups such as C-O, C=O and O=C-OH as revealed by the XPS.
Under the excitation of 365 nm light, the PL quantum yield (QY) is estimated to be 5.1 % (using quinine sulfate as a reference), which is higher than that of undoped GQDs (4.04%) [22] but lower than the carbon dots co-doped with N and S atoms (70%). [12a] In addition, based on the previous study, GQDs have shown strong pHdependence of the PL intensity, which could decrease when pH is higher than 6 or lower than 4. [22] In contrast, the PL behaviour of our E-GQDs is much less affected by the pH value of solution. The EGQDs give the maximum emission intensity at pH 3.5, and the intensity maintains above 90% of the maximum value in a wide pH range of 2.5-8.5 ( Figure S7 , in SI). The much improved emission properties of E-GQDs as compared to the undoped GQDs, including higher QY and improved pH stability, may result from the N-doping, which enhance the emission of the GQDs by inducing an upward shift in the Fermi level and electrons in the conduction band.
[23] The excellent properties of EGQDs make them more desirable to be used as fluorescent probe for living cell imaging. In this work, the RAW 264.7 (mouse leukemic monocyte macrophage cell line) cells were used to evaluate the cytocompatibility of E-GQDs. The cytotoxicity was examined through testing the cell viability upon exposure to E-GQDs by using the standard cell counting assay. No apparent reduction in cell viability was found after incubation of the cells with E-GQDs even at its concentration of 140 µg/mL ( Figure S8, in SI) . Figure 3b shows the fluorescence images of RAW 264.7 cells after being incubated with E-GQDs. The uptake of GQDs can be clearly observed from the strong fluorescence signal in cells. The dark-field (Figure 3c ) and the overlay with fluorescence images (Figure 3d ) illustrate that most of the fluorescent signal is localized in the cytoplasm, while the fluorescent signal from the nucleus is weak. Furthermore, by comparing the fluorescence and bright-field images with lysosome staining, it is found that most of the intracellular EGQDs are not in the lysosome ( Figure S9 , in SI), indicating that the E-GQD cellular uptake may not be related to the endocytic processes. It is believed that the E-GQDs can easily penetrate into the living cells through the non endocytic pathway-like diffusion.
[24] The unique optical property of E-GQDs offers potential applications in optoelectronics and photo-energy conversion devices. [5, 25, 26] The thin films of different materials on ITO glass substrates were prepared by electrophoretic deposition and used as working electrodes (WEs). Pt wire and saturated calomel electrode (SCE) were used as counter electrode (CE) and reference electrode (RE), respectively. The WE was irradiated with a 500 W Xe lamp at potential of 0 V (vs. SCE). The undoped GQDs, CA-GQDs, which were prepared using citric acid as precursor and investigated extensively in previous report, [13a] were also studied under the same condition as a reference. SEM and AFM characterization were carried out in order to prove the successful formation of the films. Compact films were observed for both E-GQDs and CA-GQDs ( Figure S10a and b, in SI) . Figure 4 shows the photocurrent response of the thin films of the two GQDs. The thin film of CA-GQDs exhibits a barely observable photocurrent response with a photocurrent density of only 0.09 µA/cm 2 . In contrast, the film of E-GQDs gives a photocurrent density of 4.55 µA/cm 2 , two orders of magnitude higher compared to that of CA-GQDs, suggesting that the E-GQDs film is much more efficient to produce photocurrent.
To illustrate the generality of this solid-state synthetic method, a variety of small molecules have been tested as precursors for GQD synthesis. Heteroatom-free precursors, such as glucose, tartaric acid and sucrose, were used to produce oxygen containing (O-containing) GQDs. Besides EDTA, some amino acids, including lysine and arginine, can also be used to prepare N-doped GQDs. Moreover, DTT was used to produce S-doped GQDs. GQDs co-doped with N and S atoms were obtained from cysteine and cystine. While GQDs co-doped with N and P atoms were synthesized from ATP. The optimal reaction temperatures for different precursors are different, which are dependent on their decomposition temperature. Similar to that of EDTA, the optimal reaction temperatures for all the precursors were found to be slightly above their decomposition temperatures, as shown on their TGA curves ( Figure S11 , in SI). Figure 5 shows fluorescence images of various GQDs dispersed in water irradiated by 365 nm UV lamp. All the products show similar blue emission, suggesting that they may have similar molecule-like state. [20] We have also characterized the undoped GQDs derived from glucose (referred to as G-GQDs) for its fluorescence stability and biocompatibility. The UV and PL spectra of G-GQDs are similar to those of E-GQDs ( Figure S12, in SI) . The G-GQDs with stable PL property that can tolerate a wide pH range of 2.5-8.5 ( Figure S13, in  SI) . Moreover, the cytotoxicity of G-GQDs indicates that the cell viability is maintained at high concentration of G-GQDs at 100 µg/mL ( Figure  S14 , in SI). (24.5 ± 3.8 nm) , (e) sucrose (9.8 ± 2.0 nm), (f) cysteine (13.5 ± 4.6 nm), (g) cystine (3.8 ± 1.6 nm) and (h) DTT (66 ± 32 nm). Insets show the size distributions.
Successful heteroatom doping were confirmed by the XPS spectra of different samples. The XPS spectrum of the GQD from lysine has strong N 1s peak. The deconvolution of the N 1s spectrum indicates that the doped N atoms mainly exist as quaternary N with small amount of pyrrolic N ( Figure S15 , in SI). The strong S 2p peak from the sample synthesized from DTT indicates significant amount of doped S atom. The deconvolution of the S 2p spectrum shows the evidence for presence of C-S, sulfoxide and other oxidized forms ( Figure S16 , in SI). The sample synthesized from cysteine exhibits both N and S signals suggesting co-doping of the two heteroatoms ( Figure S17 , in SI). The XPS spectra of GQDs synthesized from ATP indicates strong N 1s and P 2p peaks confirming co-doping of N and P. Careful deconvolution of the N 1s and P 2p peaks reveals that N atoms mainly exist as pyridine-like sp 2 -hybridized form and pyrrole-like sp 3 -hybridized form, while the P atoms are mainly bonded to C atoms ( Figure S18 , in SI). It is worth noting that the GQD co-doped with N and P atoms has not been synthesized before.
The dopant concentrations in the products from different precursors are compared in Table S3 . It has been proven that N doping or amino-group functionalization significantly change the optical properties of GQDs.
[27] Herein, the products from EDTA, lysine, cysteine and ATP possess N/C ratio of 32.4%, 24.1%, 20.3% and 46.8%, respectively. It has been reported that appropriate doping of N gave rise to a more efficient PL radiative emission, but, excessive N dopants could lead to PL quenching. [28] The unstable surface defects, which lead to reduced radiative recombination, confine the QY of GQDs. [29] Similar phenomenon has been observed in our experiment. The optimal N/C atomic ratio is found to be around 24.1% ( Figure S19 ), and the product from lysine shows the highest QY. The QY of all the products based on the different precursors are compared in Figure S20 , suggesting a complicated influence of atomic composition to their PL properties. All the GQDs exhibit significant photocurrent response but the intensities of the photocurrent are different ( Figure S21) . The E-GQD gave the highest photocurrent but the products based on tartaric acid, lysine and ATP do not show appreciable photocurrent. Previous report has drawn the conclusion that N-doped graphene and N-doped graphene nanoribbons exhibit n-type conductivity due to nitrogen present in the π-conjugated system, and the amount of N atoms in N-doped GQDs endows the substantial improvement of photocurrent response. [30] Therefore, the high photo-response from E-GQD may due to the fact that it has a high N atom concentration (14.3%) (Table S3) . However, this mechanism may not apply for products from sucrose, DTT and glucose since they have no Ndopant. For these N-free GQDs, photon absorption associated with the molecule-like state and spatial separation of photogenerated electrons and holes. [31] Other factors that promote the photocurrent response may include effects of electron-rich heteroatoms like sulfur (cases of cysteine and DTT), which can provide more electrons to generate photocurrents. However, the decisive mechanism could be complicated and the photocurrent response properties are affected by a combination of a series of different factors.
The TEM analysis showed the uniform particle sizes at optimal conditions obtained from the precursors including arginine (Figure 6a ), lysine, tartaric acid, sucrose, cysteine, cystine and DTT (Figure  6c-h) . Similarly, the graphene sheet with micron size can be formed if the reaction for arginine reaches 10 min or more (Figure 6b ). The GQDs derived from glucose and ATP also have uniform particle sizes (Figure 7a and c) . The HRTEM images show clearly visible lattice fringes (Figure 7b and d) , indicating highly crystalline structure. However, we did not obtain clear lattice fringes for the other particles prepared from arginine, lysine, tartaric acid, sucrose, cysteine, cystine and DTT, so they might be better to be described as carbon dots. The unperceived lattice fringe can be attributed to the lattice structure disordered by introducing of heteroatom. 
Conclusions
In summary, we have developed a facile general method to synthesize various chemically doped GQDs, which is based on solid reaction of a variety of simple organic precursors. The produced GQDs exhibit high fluorescence, good pH stability and low cytotoxicity, making them suitable for bio-labelling and optoelectronic applications. As demonstrated herein, this method can be extended to a wider range of precursors, opening a new avenue for the rational design and low cost production of different types of heteroatom doped GQDs. Further investigation including applications of the various doped GQDs in biology and optoelectronics are underway. 
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